ABSTRACT: We report an investigation into the magnetic and electronic properties of partially hydrogen functionalized vertically aligned few layers graphene (FLG) synthesized by microwave plasma enhanced chemical vapor deposition process. The FLG samples are hydrogenated at different substrate temperatures (50 o C -200 o C) to alter the degree of hydrogenation and their depth profile. The unique morphology of the structure gives rise to a unique geometry in which graphane (full hydrogenation)/graphone (partial hydrogenation) is supported by graphene layers in the bulk, which is very different from other widely studied structures such as one-dimensional nanoribbons. Synchrotron based x-ray absorption fine structure spectroscopy measurements have been used to investigate the electronic structure and the underlying hydrogenation mechanism responsible for the magnetic properties. While ferromagnetic interactions seem to be predominant, the presence of antiferromagnetic interaction was also observed. Free spins available via the conversion of sp 2 to sp 3 -hybridized structures and the possibility of unpaired electrons from defects induced upon hydrogenation are thought to be likely mechanisms for the observed ferromagnetic orders. Theoretical point of view different possible reason for the formation of magnetism in Graphene materials also discussed elaborately.
INTRODUCTION
Graphene composed of a single-atomic layer of carbon atoms has emerged as fascinating example of designer materials, where dimensionality plays an important role and it has become a novel platform for the engineering of novel electronic and magnetic-storage devices. [1] [2] [3] [4] [5] [6] For spintronic applications, graphene is considered as a promising material due to its long spin relaxation time and length because of the small spin-orbit coupling of carbon atoms. 5, 6 Similar to the modulation of physical and chemical properties of carbon nanotubes, various strategies for modulating the electronic and magnetic properties of graphene have been proposed for versatile applications. [7] [8] [9] Sofo et al predicted that fully hydrogenated graphene (graphane) could be a non-magnetic semiconductor with a band gap of 4.5 eV, which was later confirmed experimentally. 7, 8 Zhou et al predicted that semi-hydrogenated graphene sheet (graphone) can become ferromagnetic at room temperature with a band gap of 0.46 eV, which is much smaller than that of graphane (4.5 eV) 9 . This change in the band gap occurs via the formation of tetrahedral carbon (ta-C), which reduces the connectivity of the p-sheets of graphene and the π − π energy gap of the localized double bonds (i.e. the formation of an alternating sp 2 -sp 3 -sp 2 -sp 3 hybridization pattern). Furthermore, calculations have also shown that hydrogen pairs arranged in lines can create semiconducting or metallic waveguides through confinement effects. A large band gap opening in hydrogen-covered regions would lead to an effective potential barrier for the electrons. Experimentally, disordered hydrogen adsorption has been shown to influence the transport properties in graphene through localization effects 10 , which may occur due to adsorption of hydrogen on free-standing graphene 11 , as well as on supported graphene layer. 12, 13 Zhou et al. predicted that in semi-hydrogenated bi-layer graphene (referred as BL-graphone), the most stable configuration undergoes a (1x2) surface reconstruction 14 . The graphone (partial hydrogenation) sheet can be synthesized by supporting graphene first on a substrate followed by a hydrogenation process; otherwise removing of half of the hydrogen atoms from one surface of graphane. 9, 15 In this (graphone) process, the graphene leads to the formation of unpaired electrons and the remanent delocalized bonding network which is responsible for the formation of ferromagnetic materials with Curie temperatures between 278 K to 417 K and could be most promising materials for future spintronics applications. 9, 16 Since graphene, graphane and graphone individually show remarkable properties and are expected to have versatile electronic and magnetic device applications, it is a compelling study to investigate the electronic structure and magnetic properties when two of them bind each other like graphene-graphane and graphene-graphone bilayer structures. Remarkable properties extend to bilayer and few-layers graphene and even combination of graphene and graphone layers.
14 When graphene and graphone both in single layer sheet bind together, metallic but nonmagnetic characteristics are formed as predicted theoretically by Zhou et al. 14 They show that two pristine graphene sheets cannot be bonded together due to the prevailing weak van der Waals interaction. But, in presence of H the unsaturated C sites in the graphone sheet are reactive because of unpaired electrons. A graphene sheet can bind to graphone and the system can be viewed as semi-hydrogenated bi-layer graphene (BL-graphone) or simply graphene supported graphone.
14 Furthermore at the interface between graphene and graphane, magnetism arising from the edges can be tuned. 17 In this study, we have studied the graphene supported graphone/graphane bilayer structure to elucidate their electronic structure and magnetic behaviors with a view on spintonics applications. The magnetism in carbon-based materials is quite unique in itself as it arises from only s and p orbital electrons unlike the magnetism, which arises more intuitively from the 3d or 4f electrons in traditional magnetic materials. Using microwave plasma enhanced chemical vapor deposition, thin vertically aligned few layers graphene (FLG) nanoflakes were synthesized on bare Si(100) substrates, which were further subjected to hydrogen plasma treatment. The FLG samples are hydrogenated at different substrate temperatures to alter the hydrogenation depth and process. The particular morphology of the structures gives rise to a unique geometry in which graphane/graphone layers are supported by graphene layers in the bulk which is very different from other more widely studied structures such as one dimensional nanoribbons. The change in the electronic and magnetic properties was measured as a function of hydrogen content introduced in the structures and its temperature dependence using X-ray absorption, Raman spectroscopy and magnetic force microscopy. Field-dependent magnetization of representative samples was studied using a SQUID-type magnetometer. The work provides further knowledge and contributions to the emerging body of experimental and theoretical data related to magnetism in graphene and graphene based nanostructures.
EXPERIMENTAL DETAILS

Preparation of few layer graphene and hydrogen functionalized graphene
The synthesis of FLGs was carried out in a SEKI microwave plasma enhanced chemical vapor deposition system, equipped with a 1.5 kW, 2.45 GHz microwave source. The substrates used were bare n-type heavily doped Si wafers (resistivity < 0.005 Ω cm) (10 mm x 10 mm). Prior to growth, the substrates were pretreated with N 2 plasma at 650 W at 40 Torr while the substrate temperature was maintained at 900 °C. Synthesis was then carried out using CH 4 / N 2 (gas flow ratio = 1:4) plasma at 800 W for a duration of 60 s. The samples were allowed to cool under a constant N 2 flow. The conditions used were similar to the ones used in our previous publications. [18] [19] [20] [21] The hydrogen microwave plasma treatment of the FLGs was carried out at three different substrate temperatures of 50, 100 and 200 °C at a chamber pressure of ~2 Torr with a treatment time of 90 s at a microwave power of 150 W.
Characterizations
Raman spectroscopy was performed using an ISA LabRam system equipped with a 632.8 nm He-Ne laser with a spot size of approximately 2-3 μm, yielding a spectral resolution of better than 2 cm -1
. Due care was given to minimize sample heating by using a low laser power below 2 mW. The core-level XPS spectra were recorded on a KRATOS-SUPRA spectrometer at UNISA (Florida Science Campus), South Africa using monochromatic Al K α radiation with excitation energy hν = 1486.6 eV having base pressure 1.2 x 10 -8 Torr. The X-ray absorption near edge structure (XANES) spectra was obtained using the high-energy spherical grating monochromator 20A-beamline at the National Synchrotron Radiation Research Center (NSR-RC), Hsinchu. XES and corresponding C K-edge XANES measurements were carried out at beamline-7.0.1 at the Advanced Light Source, Lawrence Berkeley National Laboratory. The energy resolutions of XES and XANES measurements were ∼0.35 and 0.1 eV, respectively. The magnetic properties of these samples were characterized by SQUID with sensitivity better than 5 x 10 -8 emu. The topographical and magnetic force microscopy (MFM) measurements were carried out using a Veeco Dimension 3100 AFM connected to a Nanoscope IIIa controller in a tapping mode configuration. To detect magnetic domains in the prepared samples, low moment magnetic probes with Co/Cr coatings were used. To assess the correlation of surface features and assess the effects of magnetization, the topographic (height), amplitude and phase signals were imaged simultaneously for both conventional topographical imaging and magnetic measurements. MFM data was acquired while maintaining a constant lift scan height of ~10 nm above the topography (height) data to reduce coupling between Van der Waals and magnetic forces and also demonstrate the field strength generated by the magnetic domains. In addition, the electron field emissions (EFEs) were measured using a Keithley power supply.
RESULTS AND DISCUSSION
Surface Morphology and Electron Field Emission (EFE)
The scanning electron microscopy (SEM) images of pristine and hydrogenated FLGs (FLGs:H) are shown in Figure 1 (a, b) and it is evident from them that the FLGs synthesized are vertically aligned to the underlying substrate and are randomly intercalated to each other forming a porous mesh like network. The H 2 plasma treatment process does not disturb the vertically aligned nature of the graphene platelets; however, it leads to an increase in the sharp graphene edges throughout the graphene surfaces. It is found that the apparent thickness of the edges of graphene platelets is reduced due to plasma etching effects. Figure 1(c) plots the electron field emission (EFE) current density (J) as a function of the applied electric field (E A ). The figure shows that there exists a threshold of electric field, beyond which J increases roughly exponentially. Fowler-Nordheim (F-N) plots as shown in Figure 1(d) , is better illustrate the threshold electric field or turn-on electric field (E TOE ). The E TOE were obtained with linear curve fitting in the high electric field region as shown in Figure 1(d 22 These observation clearly indicated that hydrogen is functionalized on the surface of FLG.
Raman Spectroscopy
The Raman spectrum of pristine FLGs and hydrogen plasma treated FLGs treated at different temperatures is shown in Figure 2(a) . The Raman spectrum of the pristine FLGs displays three characteristic peaks: D band at ~1335 cm -1 , G band at ~1583 cm -1 and 2D band at ~2664 cm -1 . Post hydrogen-plasma treatment, the Raman spectra of the FLG changes significantly with the increase in the intensities of peaks at 1617 cm -1 , 2462 cm -1 and 2920 cm -1 . The peaks at ~2460 and 2920 cm -1 arise via a combination of (D+D′) bands and are defect activated. [23] [24] [25] [26] The D peak too is defect activated via an inter-valley double resonance process and its intensity provides a convenient measure for the amount of disorder. [23] [24] [25] [26] [27] The D peak is enhanced after hydrogenation and is due to hydrogen attachment, which breaks the translational symmetry of C=C sp 2 bonding.
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Upon hydrogenation, the 2D band of FLG:H also becomes intense and shows a red-shift accompanied by a change in the I 2D /I G ratio [ Figure 2(b) ]. Now, the position and peak intensities of G and 2D band can be used as a fingerprint for mono, bi-, tri-or multilayered graphene. 23 When compared to pristine FLGs, the hydrogenated samples show a shift from 2664 to 2660 cm -1 , signifying the formation of bi-or tri-layer graphene. 23, 27 This reduction in the number of graphene-layers is further confirmed from the intensity ratio of the 2D and G peaks. It is observed that the . A I 2D /I G ratio of >1 is indicative of formation of bi-layer graphene, whereas an I 2D /I G ratio of <1 represents tri-or multilayered graphene. 28 The increase in the intensity of D band (at 50 o C) along with the presence of a new band at ~1617 cm -1 (denoted as D′) can be attributed to the attachment of hydrogen species on the top layer or the inter-layer of FLGs. As compared to pristine FLGs, the FLG:H show an increase in the intensity of D, 2D and (D+D′) bands owing to the break in the translational symmetry of C-C sp 2 bonds and the formation of C-H sp 3 bonds. 26 The features and peak position of D and 2D of our non-hydrogenated graphene identifies as FLG; whereas hydrogen functionalized graphene (FLG:H) identifies as bi-or tri-layer graphene. Also, with an increase in the hydrogenation temperature, the G-band shifts by ~3 cm -1 , caused due to a change in charge density. 29, 30 A similar reduction in the number of graphene layers upon hydrogen plasma treatment has been observed in the past as well. 31 Since, the FLGs are vertically aligned on a Si-substrate, it is expected only the top-most surfaces of the FLGs would be predominantly accessible to atomic hydrogen. At low temperature (50 o C in the present case), the hydrogen-plasma exposure is not expected to result in graphane where the hydrogen atoms are attached on both sides of the graphene sheet. The microwave plasma system used in the work is operated at a moderate pressure (2 Torr) and a relative high power density ) as compared to capacitively coupled radio frequency systems (1 Torr/0.03 Wcm -3 ) used in other studies. 16 32 If the hydrogenation and annealing is occurring simultaneously at 100 o C / 200 o C temperatures, then it is expected that C-H bonds will be formed in the inner layers of the FLGs, once the top surface of the FLGs has been hydrogen passivated. The 2D band of hydrogen functionalized FLG is very sharp, strong and red-shifted compared to pure FLG indicative of the reduction in the number of graphene layers. 23, 27 
Electronic Structure and Bonding Properties
For graphitic materials, in general, the XANES spectra can be subdivided into three regions characterized by specific resonance energy. 33 The first region of π* resonance appears around 285±1 eV, the C-H* resonance around 288±1 eV, and a broad region between 290 eV -315 eV corresponding to σ* resonance. The presence of the π* and C-H* resonances serve as a fingerprint for the existence of sp 2 hybridized C-C bonds and C-H bonds, respectively. The C K-edge XANES spectra of the samples (Figure 3) shows the features at ~285.1 (±1) eV, ~292.6 (±1) eV and ~291.6 (±1) eV which can be attributed to the unoccupied 1s→π*, 1s→σ* and excitonic states transitions, respectively. 33 While, the peak positions for FLG:H@50 o C are similar to that of pristine FLGs, the absorption edges are shifted towards lower energy level for FLG:H@100 o C due to the structural rearrangement via hydrogen attachment. 34 A very low intense peak is also observed at ~283.3 eV, nearly 2.0 eV lower than the π* state for the FLG:H@50 o C [As shown in (Figure S1 (c) in supporting information]. While this feature has been observed in graphene samples in the past, the origin of it is still highly debated. Hou et al. and Entani et al. have considered that this peak originates from the zigzag edge C atoms which have a spin-polarized edge state closed to the Fermi level. 34, 35 They have proposed that there is a difference in the 1s core level binding energy between the carbon atom located in the interior of the graphene nano-cluster and one located at the zig-zag edge. 34 Alternatively, Pacile et al. have ascribed this shoulder to the splitting of the π* bands in graphene. 36 In the theoretical work by Hua et al, this shoulder has been ascribed to a special extended final state or to Stone-Wales defects. 37 As reported by Hou et al., the intensity and the position of this peak strictly depends on hydrogen content as well as the ratio of monohydrogen (-CH) to dihydrogen (-CH 2 ) terminations in the graphene structure. 35 While monohydrogen termination produces the shoulder at approximately 2-2.5 eV lowers to the π* resonance, mono-hydrogen termination is stable only at very low hydrogen partial pressures. Under "standard" condtions, the structures are more likely to Apart from π* and σ* resonance peaks, two other peaks at ~287.4 (±1) eV and ~288.5 (±1) eV (inset in top panel of Figure 3 ) are observed and ascribed as signature of C-H bonds and interlayer graphite states, respectively. When compared to pristine FLGs, the FLG:H spectra shows an increased intensity of the C-H peak accompanied by a reduction in the interlayer graphite peak intensity. This increase in the C-H peak intensity confirms the formation of sp 3 -rich structures having a higher content of C-H bonds. We have estimated the C-H content relative to pristine FLG from the C-H peak in C K-edge XANES spectra using a proper baseline corrected curve-fitting procedure (in the range of 287-291 eV), is shown in Figure 4 . In this figure the peak with green shaded areas are the contributions of C-H bond. Other two peaks are the contribution of inter-layer graphite states. It is observed that C-H contents of FLG:H are significantly decreases (0.065→0.032→0.019) (arbitrary unit) with increase of hydrogen functionalization temperatures (50 o C→100 o C→200 o C). During the functionalization, process all conditions were remains unchanged except the temperature during hydrogen plasma and it shows that the C-H bonds. It is known that with the decrease in the hydrogen content the band gap of graphene reduces. 38 However, in our case it is estimated that the band gap actually increases slightly for FLG:H@100 o C/200 o C when compared to pristine FLGs and FLG@H:50 o C. This can be observed via the shift of C K-edge towards lower energy levels with the reduction of C-H content (see Figure 3 , inset below). However, we have trying to find the bandgap with the help of C K α x-ray emission spectra (XES) and C K-edge XANES spectra 39 as shown and described with Figure 5 . It was observed that the extrapolation of the leading edges of XES and XANES spectra leads to an clear intersection, implying that FLG and FLG:H have a "zero" band gap, similar to the metallic highly oriented pyrolytic graphite (HOPG). While, one would expect that the formation of sp 3 configuration will lead to a change in the band gap such as in graphane (band gap of 3.12 eV). Graphane is a direct gap material for which both electron and optical gaps are the same, however most of the partially hydrogenated systems demonstrate indirect optical band gap. 40 It should be noted that XANES, measured in electron yield mode is a surface sensitive technique with the electron escape depth of ~3-5 nm. 33 As mentioned before, the shift in the absorption edge of the C K-edge spectra leads us to the conclusion that the band gap increases for the FLG: 
FLG:H@50
o C that assigned as the peak for "zigzag" state of graphene and is similar to a very week peak that we observed at ~283.5 eV in XANES spectra [as shown in Figure  S1 (c) in the supporting information]. Hence, it is important to consider the effect of temperature on the formation and distribution of C-H bonds. It is quite interesting to observe that the estimated C-H contents are approximately 3:1.5:1 (≅ 6:3:2) ratio at 50 o C, 100 o C and 200 o C respectively, indicating the C-H bonds are distributed at three different ways at three different temperatures on graphene surface. At relatively lower temperatures of 50 o C, we can consider the possibility of hydrogenation occurring on only "topmost surface layer" of the FLGs. 41 At higher temperatures (100 o C-200 o C), we believe that hydrogen can be passivate the surface as well as form C-H bonds in the "inner-layers of FLGs", which may not be detected by XANES due to the electron escape depth limitation. The hydrogenation can occur in the inter-layer of FLGs only after overcoming the energy barrier to penetrate the centre of the hexagonal carbon in the top-most surface layer. C with long annealing duration, although in our case, the hydrogenation process is carried out for a 90 sec duration only. 32 So, the effect of de-hydrogenation process should ideally be low, leading to the conclusion that at higher temperatures, the surface passivation is followed by the penetration of "top-most" graphene layer to form C-H bonding in the inter-layers of the FLGs. Based on the formation of this graphene supported graphone/graphane bi-/tri-layer nano-structure materials we have studied the magnetic behaviors of these materials.
Magnetic Behaviors (M-H loops) at 300 K and 40 K temperature
The magnetic properties of the FLGs and FLG:H samples were measured in the range of -2 kOe < H < 2 kOe at temperatures of 300 K and 40 K, respectively. The measured magnetic hysteresis loops are shown in Figure 7 , with the FLG:H@50 o C sample showing the best ferromagnetic behavior with maximum hysteretic features with saturation (Ms = 13.94 x 10 -4 emu/gm), while other samples shows lower hysteretic features with saturation (see Table 1 ). As compared to pristine FLGs, the magnetic moment values FLG:H@100 o C & FLG:H@200 o C [as shown in Figure  S1 (a, b) in the supporting information] are slightly higher due to hydrogen incorporation in the FLG resulting in the formation of sp 3 hybridized carbon structure through mono-and/or di-hydrogen termination. Since, the FLG samples are free from any catalyst/magnetic impurities (mot shown), the observed magnetism in the samples can be attributed to (i) defects and vacancies created during synthesis, (ii) creation of sp 3 hybridised structures. [43] [44] [45] The I D /I G ratio trend of pristine and hydrogenated FLGs (Figure  2) shows that the FLG:H@50 o C samples has the highest defect ratio along with the highest content of hydrogen as o C, the hydrogenation may possibly occur on only the "top-most surface layer" of the FLGs; thereby favoring the higher observed magnetic moment. 41 Similar to the results reported by others, we observed maxima in the magnetization at lower temperatures especially for FLG:H@50 o C. 46 Based on different hydrogen attachment on graphene [as shown in Figure S2 in the supporting information], Yazyey et al. predicted 47 that the ortho-dimers and para-dimers are nonmagnetic; while single hydrogen attachment (monomer) to be magnetic. 16 Probably this is the reason why FLG:H@50 o C is more magnetic than FL-G:H@100 Since the magnetism observed in FLG:H is attributed to an intrinsic mechanism beyond reasonable doubt, it is important to discuss the role of hydrogen in enhancing the magnetism in nanostructured carbon and how it can be promoted during the synthesis itself. It has been shown theoretically that hydrogenation is an efficient way in which to introduce and enhance magnetism in graphene sheets. The addition of hydrogen leads to the rupturing of the delocalised p bonding network of graphene, leaving the 2p z electrons in the un-hydrogenated carbon atoms unpaired, and thereby extending the p-p interactions resulting in the longrange ferromagnetic coupling with a putative higher Curie temperature and a more homogeneous magnetism. 48, 49 Now, similar to the functionalisation strategies of other nanomaterials, the synthesis of hydrogenated graphene can be done via either a wet chemistry route or by plasma-based processes. The wet chemistry approach includes solution based Birch reduction of graphite oxide to yield graphane or by liquid phase hydrogenation/exfoliation of graphite. 50, 51 The plasma functionalization route involves hydrogenation of sp 2 carbon materials such as CNTs, graphene or graphene oxide in a hydrogen gas/plasma environment. 51 Arc-discharge of graphite in a hydrogen rich environment has also been shown as an effective method for the synthesis of graphane. 52 However, theoretical calculations have suggested that the formation of graphene via hydrogenation of graphene will not yield large graphitic domains, since uncorrelated H frustrated domains are expected to be formed during the early stages of hydrogenation reaction 51 . This will invariably lead to the shrinkage of the graphene sheet leading to extensive sheet corrugations; thus making the direct deposition of graphane more desirable. 51 Zhou et al. have proposed a physical method to fabricate a semi-hydrogenated graphene sheet. 49 Their idea revolves around the use of graphane as a substrate to support the Boron nitride sheet, after which the BN sheet is fluorinated. As the binding of the F with N is highly unstable, the F-BN configuration can be easily achieved. Due to the presence of unpaired electrons, the N atoms are quite reactive in nature and upon the application of pressure, will pick up the H atoms from graphane. When the applied pressure is removed, the resultant structure is semi-hydrogenated in nature. 49 In our case, since we are depositing FLG from the gas phase in plasma, the direct deposition of hydrogenated graphene via plasma deposition similar to work reported by Wang et al. can be a feasible route for enhancing the magnetic properties of FLG during the synthesis itself. 53 The process reported by Wang et al. involves the use of remote discharged 13.5 MHz radiofrequency plasma inside an ultra-high vacuum source. 53 The pre-cracking of the gaseous precursors to generate the reactive free radicals in gas phase allows for lower substrate temperatures and also limits the damage caused by energetic plasma ions during the growth of film. The growth process was carried out using a premixed 5% CH 4 in H 2 , resulting in an excess of atomic hydrogen in the gas phase and the inevitable hydrogenation of graphene films with formation of graphane. 53 In literature, the role of hydrogen during the non-catalytic growth of FLG has been linked to the etching of amorphous carbon films which may occur during the initial nucleation stages 54, 55 . Thus, for the formation of magnetic graphene structures, careful tuning of plasma parameters such as gas conditions, plasma power, temperature, ion energy and bias in the microwave plasma will be required. The ferromagnetic order arises from the free spins available via the conversion of sp 2 to sp 3 -hybridised structures and/or from the unpaired spin electron from the defects induced upon hydrogenation. 56 Both these factors may in principle be responsible for producing fundamental magnetic species. The ferromagnetic ordering of the spins is energetically preferable for the AA distribution in the graphene plane. Therefore, it can be stated that the ferromagnetic exchange of spins of the localized states in graphane is possible only among the H-vacancy defects located on the exchange neighboring carbon atoms. 57, 58 Defects in our bi-/trilayer graphene break the translational symmetry of the lattice and create localized states at the Fermi energy to produce an effective self-doping, where charge is transferred from defects to the bulk. In the presence of local electron-electron interactions, these localized states become spin-polarized, leading to the formation of pseudo-local moments. 59 Most of the theoretical 45, [60] [61] [62] and experimental 60, 61 works find that the net spin is stable within a large conjugation system in unit structures of graphene at room temperature and their stability is due to the huge p-conjugation in these molecules. If indeed the long-range orderly magnetic coupling of these spins may arise via either intra-molecular interaction in individual graphene sheets or intermolecular interaction between neighbouring graphene sheets, then stable ferromagnetism could arise. 45 
Temperature dependent Magnetization (M-T)
In Figure 7 , we show the temperature-dependence of magnetization of FLG and FLG:H measured at 100 Oe. o C but higher than FLG. This change of magnetization is strictly depends on the content of hybridized hydrogen with carbon and formed C-H bonds and is consistence with the C-H content obtained from C K-edge XANES spectra.
Though the origin of ferromagnetism in carbon nanomaterials is not yet clear, various theoretical predictions and some experimental evidence have been offered recently to understand the underlying mechanism(s). [63] [64] [65] Among them, proton irradiation experiments suggest that intrinsic carbon defects such as the lattice defects, vacancies, edges or topological defects and voids in the few-layer graphene give rise to localized magnetic states at the Fermi level, and the number of these states roughly scales with the defect perimeter. 66 Defects in few-layer graphene break the translational symmetry of the lattice and create localized states at the Fermi energy to produce an effective self-doping, where charge is transferred to/from defects to the bulk. In the presence of local electron-electron interactions, these localized states become spin polarized, leading to the formation of local moments. 
Atomic Force Microscopy (AFM) and Magnetic Force Microscopy (MFM)
We agreed that the room-temperature ferromagnetism is an intrinsic property of graphene-based materials, and for direct and conclusive evidence, we have performed further magnetic force microscopy (MFM) analysis.
Low moment magnetic probes with Co/Cr coating were used to detect magnetic domains in the pristine and hydrogenated FLG samples. Figure 8 and Figure 9 shows topographic (height), amplitude and phase signals were imaged simultaneously for both tapping mode AFM (TM-AFM) and MFM to assess for correlation of surface features, identify and eliminate possible artifacts and to assess effects of magnetization. The magnetized Co/Cr coated probe interacts with magnetic field gradients generated by magnetic domains within the prepared samples resulting in changes in the phase and amplitude of the oscillating cantilever. Therefore, from the amplitude and phase images the existence of magnetic domains in the samples should be evident. The MFM phase and amplitude images show very good correlation in magnetic domain positions. For all samples, the magnetic domains appear as dark and bright-localized regions in phase and amplitude images respectively. Images clearly shows that the domains in the FLG:H are more localized than FLG. A simple scaling of MFM phase data suggests that the pristine FLGs may have the weakest magnetization, whereas the FLG@50 o C may have the strongest magnetization, which is consistent with the M-H magnetization results, described above.
ROLE OF HYDROGEN FOR THE MAGNE-TISM BEHAVIOUR IN GRAPHENE: A THE-ORETICAL IDEA
Graphene is a metal-free material and have no magnetic atoms. Its honeycomb structure is a bipartite lattice, which can be viewed as two interpenetrating hexagonal sublattices of carbon atoms say, A and B (see Figure 10a) . The basic idea of magnetism in graphene lies in Lieb's theorem for bipartite lattice. 68 The bipartite nature of pristine graphene collapses at such defects and discrimination of N A and N B becomes impossible. That may lead to asymmetric distribution of up and down spins and may induce magnetism; or simply due to inequality between two sublattice points A and B (i.e., N A ≠ N B ), magnetic moment is induced. In graphene, two sublattice points, A and B prefer opposite spin occupancies, making the overall net magnetization zero (see Figure 10a) . Therefore, it is expected that, the vacancy defects can introduce inequality between N A and N B , making the two-dimensional graphene magnetic. [69] [70] [71] [72] [73] [74] [75] [76] The formation of zigzag edges, along a certain crystallographic direction of graphene can also introduce net magnetization, in spite of N A = N B . [77] [78] [79] [80] This magnetization in semi-infinite zigzag edge graphene can be attributed to the formation of peculiar edge localized states near Fermi energy and the spins tend to align parallelly on the same sublattice points along the same edge, giving rise to a long-range ferrimagnetic coupling. [81] [82] [83] [84] . Formation of another parallel zigzag edge like geometry results in total zero magnetization by putting the spins in opposite polarization on the other sublattice points along the opposite edge. Moreover, introduction of holes can induce net magnetization in zigzag edge graphene. [85] [86] [87] Another origin of the magnetism in graphene, are unusual bonding and hybridization. This is owing to the catenation property of carbon, which allows diverse hybridization possibilities. The growth of wafer scale graphene within CVD technique often results in several kinds of defects like point defects (PDs), due to non-periodic nature and grain boundaries (GBs), due to periodic nature among pristine graphene domains with different crystallographic orientations [88] [89] [90] [91] [92] [93] that significantly modify the electronic, magnetic and transport properties of graphene. Moreover, the bipartite phenomenon does not exist on these defects (see Figure 10b) , giving rise to unusual magnetic properties known as defect-induced magnetism. The H-vacancy defects induced on one side of graphane plane (or substitution of H-atom on one side of graphene plane) and placed on the neighboring carbon atoms are found to be the source of ferromagnetism which is distinguished by the high stability of the state with a large spin number in comparison to that of the singlet state and is expected to persist even at room temperatures. 94 Castro et al. found the ferromagnetic behaviour in bilayer graphene. 95 Various reasons have been put forward for the formations of magnetic moments in graphene, such as, structural defects (See Figure 11 , vacancies, substitutional atom, adatoms) [96] [97] [98] , existence of zigzag edges 99, 100 , etc.
Defects in graphene
Magnetism in graphene has been found to originate from various defects, e.g., vacancy, edge formation, add-atoms etc. Defects in ideal graphene can be introduced by both vacancies and external doping. Many experimental works have reported the existence of magnetism in carbon materials by electrons or ions irradiation. [101] [102] [103] The common feature of these defects is that carbon atoms are removed from the graphene sheet, which gives quasi-localized states at the Fermi level.
104,105 A number of defects are possible in graphene. The graphene with defect shows magnetism and are depends upon the type and concentration of defects. In the following, different types of defects induced magnetization of graphene are discussed in detail.
Adatoms-Defects-induced magnetism in graphene
Defects by adsorptions of atom or molecule can produce magnetism and hence magnetic moments. Yazyev et al. 69 and Boukhvalov et al. 106 have studied the adsorption of H-atoms on graphene. Their results confirmed that such adsorption will lead to magnetic moments on neighboring carbon atoms and such spin-polarized states are mainly localized around the adsorptive hydrogen. Another feature is that the sp 2 hybridized carbon atoms will become sp 3 hybridized carbon on H-atoms that makes the graphene to lose the D 3h symmetry. Boukhvalov et al. 106 also investigated the magnetic coupling under hydrogen pair. The results show that only the H-atoms distributing on the same sublattices can introduce ferromagnetic coupling, while on the nearest carbon pairs, the dangling bonds of carbon atoms are saturated, leading to non-magnetic system. Other possible adsorptive atoms include carbon 107 , nitrogen 108 , oxygen 107 and boron atoms. There are different possible structures for adatom defects in graphene [108] [109] [110] and the adsorptive carbon, nitrogen, and oxygen atoms prefer the bridgelike positions on graphene surface. Carbon and nitrogen atoms induce magnetic moments in the graphene, while oxygen and boron atom cannot. The adsorption energies and bond lengths of defected graphene with different adatoms are different. The adsorption energy of a B-adatom is almost the same as that of N-adatom but smaller than that of a C-adatom. The adatom defects distort the graphene structure perpendicular to the plane of the graphene structure near the defect as shown Figure 11(d) and Figure 12 . It was observed by Singh and Kroll that the magnetic moment on C-adatom is 0.44 μ B and N-adatom is 0.56 μ B , while B-adatom and O-adatoms is zero. Thus, the graphene with C and N adatoms 107, 108 are magnetic, while B-adatoms and O-adatoms are non-magnetic. 107 The magnetic moment due to C-adatoms on graphene has been explained by counting arguments that two of four valence electrons of the C-adatom participate in covalent bonding with the C-atoms in graphene, one electron goes to the sp 2 dangling bond of the C-adatom and the fourth one is shared between the sp 2 dangling bond and the p z orbital of the adatom. 108, 110 The p z orbital of the C-adatom is orthogonal to the π orbitals of graphene and cannot make any bands. Consequently, the p z orbital remains localized and spin polarized. Thus, the half electron shared by the p z orbital gives rise to a magnetic moment. The magnetic moment induced due to an adatom also depends upon the coupling between the π orbitals of graphene and the p orbitals of the adatom. 110 In the N-adatom two valence electrons are involved in making covalent bonds with the C atoms of graphene, two electrons form a lone pair and the remaining fifth electron in the p z orbital gives rise to a magnetic moment; which is slightly higher than that due to the C-adatom. Due to the repulsion from the lone pair, the p z orbital of the N-adatom is not completely orthogonal to the π orbitals of graphene and forms a polarized band near the Fermi level. This partially filled band gives rise to a fractional magnetic moment. However, in the B-adatom two valence electrons are involved in covalent bonding with C atoms of graphene and a third electron is in the s orbital of the adatom which is not orthogonal to the π orbitals of graphene and forms bands with them. Consequently, B-adatoms do not induce any magnetism in graphene. The magnetic moments induced due to C and N adatoms are independent of adatom defect concentration because the magnetic moment due to C and N adatoms depends mainly upon the coupling between the π electrons and p z unpaired electrons of adatoms. This coupling is independent of the adatom-defect concentration.
Substitutional-Atom-induced magnetism in graphene
The substitutional B and N atoms are sp 2 hybridized like the C atoms in a graphitic network. If N atom dopant does not occupy the substitutional sp 2 site in a graphitic network, it is adsorbed on the surface of the graphitic network. 111, 112 The N atom contributes two electrons, while the B atom contributes no electron to the π-electron system of C atoms. The substitutional atom and vacancy defects in graphene break the symmetry in the π-electron system of C atoms in graphene. This symmetry breaking gives rise to the magnetic quasi-localized states in graphene. 69, 113 The B and N substitutional atoms induce magnetism in graphene depending upon the defect density concentration. The mag- netism induced due to substitutional atoms in graphene can be understood due to the fact that a donor (acceptor) atom forms a narrow band above the Fermi level. 114, 115 In this case, N is the donor atom; whereas B is the acceptor atom. When the defect density is low enough the charge transfer from defect bands to π bands is complete and no magnetism is induced in graphene. However, when defect density reaches a critical density the Fermi level reaches the defect band resulting in a high density of defect states at the Fermi level. According to the Stoner criteria this leads to the development of a net magnetic moment in graphene. 116 The local magnetic moments having strong long range magnetic coupling are responsible for the high-temperature magnetism observed in carbon-based materials. 117 The induced magnetic moment could be explained by the fact that the substitutional doping of a B or N atom for a C atom in graphene breaks the symmetry between A and B sublattices. When a substitutional defect is created in an α sublattice the π electron in the p z orbital of the corresponding C atom in the B sublattice is shared between the defect state of the substitutional atom and the p z orbital of the C atom of the B sublattice. The half electron shared by the defect state gives to a magnetic moment. The substitutional defects are planar in the sense that there is in-plane displacement of C atoms near the substitutional defect.
Vacancy-induced magnetism in graphene
Vacancy-induced magnetism in graphene depends upon the magnetic textures associated with removing a single atom (vacancy) and multiple adjacent atoms (voids) as well as the magnetic interactions between them. The vacancy defects in graphene break the symmetry in the π-electron system of C atoms in graphene. This symmetry breaking gives rise to the magnetic quasi-localized states in graphene. 69, 113 As the symmetry between sublattice (A and B) is locally violated near the vacancy, the magnetic moment is induced around it. The magnetic moment per defect induced in graphene due to a vacancy and is depend upon the defect concentration and packing geometry of defects. On removal of one C atom, each of the three neighbouring C atoms has one sp 2 dangling bond. Upon relaxation the vacancy defect undergoes Jahn-Teller distortion where the neighbour atoms to the vacancy site undergo a displacement and form weak bonds. 118, 119 The displacement of C atoms and the formation of weak bonds after the relaxation of a vacancy defect created in graphene. The local three fold symmetry breaks down due to the Jahn-Teller distortion induced by reconstruction of the dangling bonds left after removing one C atom. This gives rise to the inplane displacement of other C atoms near the vacancy site in the graphene lattice. The vacancy defect induced magnetism in graphene depends upon the possibility of covalent bonding in C atoms near the vacancy site. Again, the displacement of C atoms and formation of pentagons is due to the formation of weak bonds near the vacancy site. The formation of pentagons partially saturates the three dangling bonds, but the remaining unsaturated bond is responsible to the fractional local magnetic moment near the vacancy site. The formation of extra bonds near the vacancy site gives rise to a reduced magnetic moment. A magnetic moment of 1.15 μ B has been predicted for the closest packing of vacancy defects 69 in a graphene sheet. Lehtinen et al. 110 have predicted a magnetic moment of 1.04 μ B for the ground state of vacancies in a graphite sheet.
However, in the vacancy defect, the total magnetic moment is determined by the contribution of localized sp 2 dangling bond states and extended quasi-localized defect states (localized p z orbitals). Magnetism in carbon systems due to vacancies depends strongly on their concentration as well as the local bonding environment. 120 The magnetization decreases monotonically 120 with increasing vacancy density and are depends upon the packing geometry of defects. The dependence of magnetism due to vacancy defects on the concentration and packing geometry is due to the difference in the structural changes induced by the relaxation of vacancy defects in graphene. Singh and Kroll mentioned that the Ruderman-Kittel-Kasuya-Yosida (RK-KY)-type interactions between the local magnetic moments induced at the vacancy sites are also responsible for this dependence because the RKKY interactions decay as r -3 (where r is the distance between the defects). 121 According to the Stoner picture the magnetic ordering is driven by the exchange energy which depends upon the p z orbitals of carbon atoms. Ferromagnetic ordering is the only possibility for the magnetism originating from the quasi-localized states induced by defects in the same sublattice because of the non-oscillating behavior of magnetization within the same sublattice and indirect RKKY interaction due to the semi-metallic properties of graphene. 
Hydrogen Vacancy in graphene
Hydrogen vacancies in graphane are products of incomplete hydrogenation of graphene. The missing H atoms can alter the electronic structure of graphane and therefore tune the electronic, magnetic, and optical properties of the composite. 122 A variety of well-separated clusters of hydrogen vacancies in graphane is possible that includes the geometrical shapes of triangles, parallelograms, hexagons and rectangles. The energy levels caused the missing H and are generated in the broad band gap of pure graphane. All triangular clusters of H vacancies are magnetic, the larger the triangle the higher the magnetic moment. The defect levels introduced by the missing H in triangular and parallelogram clusters are spin-polarized and can find application in optical transition. Parallelograms and open-ended rectangles are antiferromagnetic and can be used for nanoscale registration of digital information.
Grain boundary defects induced magnetism in graphene
Grain boundary is another route of achieving the magnetism in graphene. [123] [124] [125] [126] [127] [128] [129] [130] During deposition of graphene, several graphene nucleation centers grow independently and face themselves with unusual bonding environment, giving rise to the formation of grain boundaries. The origins of magnetism in such grain boundaries are letting of two nucleation centers interact with each other at their interface. The formation of unprecedented point defect, consisting of fused three-membered and larger carbon rings, which induces net magnetization to graphene. In case of periodic lattices, the appearance of array of point defects leads to the formation of magnetic grain boundaries. The net magnetization on these defects arises due to the deviation from DOI: 10.31716/frt.201801002 bipartite characteristics of pristine graphene. The magnetic grain boundary induced dispersion less flat bands near Fermi energy, showing higher localization of electrons. These flat bands can be accessed via small doping, leading to enhanced magnetism. Moreover, the grain boundaries can induce asymmetric spin conduction behaviour along the cross boundary direction. These properties can be exploited for sensor and spin-filtering applications. The grain boundary dislocation with the core consisting of pentagon, octagon, and heptagon (5-8-7 defect) is a typical structural element of dangling bond GB (DBGB) with relatively low energies. Akhukov et al. 131 studied by density functional calculations and found that the 5-8-7 defects are the carrier of the magnetic moments and their magnetic moment survives on hydrogenation. These confirm that the generic GB should contain magnetic moments that are robust enough, in particular, with respect to hydrogenation. Since GB in graphene is one dimensional object and cannot lead to magnetic ordering at any finite temperature.
Domain boundaries defects induced Magnetism in graphene
During the mass-scale production of graphene inevitably lead to a polycrystalline material, containing grain boundaries (GB) 123 and recent theoretical prediction 124 and experimental realization of domain boundaries (DB) in graphene by controlled deposition of the material on metallic substrates 125 is established. In the case of GB's, a large volume of works has accumulated in the last few years [126] [127] [128] , while for the DB produced in Lahiri et al. experiment, valley-filter properties 129 and its effects on the magnetic edge states of a graphene ribbon 130 have been theoretically investigated. The DB defect introduces a sharp resonance in the density of states (DOS) of graphene that lies just above the Fermi level in the neutral system, and is associated to electronic states that are very strongly confined to the core of the defect. When a graphene, containing a DB is doped and these quasi-1D states are populated, a ferromagnetic state is realized, which is confined to zigzag chains along the defect core that are fully immersed within a bulk graphene matrix. The electronic states introduced by GB in graphene are only partially confined to the defect core, while a DB introduces unoccupied electronic states near the Fermi level that are very strongly confined to the core of the defect, and that, when populated by doping, display a ferromagnetic ground state in a 1D defect that is fully contained within the bulk matrix and that consists entirely of carbon atoms. Being fully bulk-immersed, this ferromagnetic state is protected from reconstruction and should be more easily detectable experimentally than those predicted to exist along the edges of graphene.
Transition-Metal (TM)-atoms induced Magnetism in graphene
The atomic structure of TM atoms adsorbed on pristine and defected graphene, containing single and double vacancies (SV and DV). These TM-atoms strongly bind to the defected graphene, and that the hybridization of carbon sp 2 and metal spd orbitals, combined with a different environment of the atom at SVs and DVs, gives rise to very peculiar magnetic properties of the atom-vacancy complexes. 132 A metal atom adsorbed on SVs in a graphene sheet is associated with a substitutional impurity in graphene. This metal atoms form covalent bonds with the under-coordinated C atoms at the vacancy by breaking the weak C-C bond at the pentagon in the reconstructed vacancy. 126, 133 The TM atomic radii are larger than that of the carbon atom, the metal atoms displace outwards from the graphene surface, as reported earlier for Ni. 134 The M@SV complexes are magnetic for M = V, Cr, and Mn, which have single-filled d states. The Fe and Ni impurities having double occupied states and an even number of electrons are nonmagnetic, while Co and Cu, having an odd number of electrons, are magnetic. The behaviours of M@DV complexes are magnetic for all TM from V to Co.
Topological defects induced magnetism in graphene
The extraordinary mechanical stiffness coexisting with ripples in graphene 135 point toward topological defects as the main source of curvature. 136, 137 Nucleation of dislocations in the fabrication of the graphene by mechanical cleavage of graphite is practically unavoidable. These types of defects have been produced and observed with transmission electron microscopy in suspended graphene. 138 This topological defect breaks the sublattice symmetry that involves uncoordinated atoms and induces localized magnetic moments in the lattice.
Spin-polarised states at Zig-Zag edges in graphene
Ferromagnetism, antiferro-magnetism and diamagnetism along with probable superconductivity exist in the graphene with irregular edges. There are two basic edge shapes are armchair and zigzag, which determine the magnetic properties of graphene. The presence of edges in graphene has strong implications for the low-energy spectrum of the π-electrons. 77, 78, 79 The graphene with zigzag edges possess localized edge states with energies close to the Fermi level [77] [78] [79] 81 ; whereas this localized edge states are absent in armchair edges. Scanning tunnelling microscopy [140] [141] and high-resolution angle-resolved photoemission spectroscopy (ARPES) 142 have provided evidence of edge-localized states. The presence of graphene edge states results in a relatively large contribution to the density of states (DOS) near the Fermi energy in a nanoscale system. These edge states play an important role in the magnetic properties of nanosized graphitic systems. Even weak electron-electron interactions make the edge states magnetic, and the ferrimagnetic spin alignment along the zigzag edge is favoured. 78, 81 The magnetic structures along the zigzag edges of graphene formed a chain of vacancies. The spin-orbit coupling tends to suppress the couple under-polarized ferrimagnetic order on the upper and lower edges, because of the open of the spin-orbit gap. As a result, in the case of the balance number of sublattices, it will suppress completely this kind of ferrimagnetic order. But, for the imbalance case, a ferrimagnetic order along both edges exists because additional zero modes will not be affected by the spin-orbit coupling.
Conclusion
In conclusion, room temperature ferromagnetism was observed in partially hydrogenated graphene. Hydrogenation was confirmed by XANES measurements with the appearance of a C-H stretching peak. The mechanism of the observed ferromagnetism is explained by the formation of unpaired electrons during the hydrogenation process, together with the remnant delocalized π-bonding network existing in the partially hydrogenated Graphene. The fabrication of a variety of spintronic devices requires room temperature ferromagnetic semiconductors. This hydrogenation process can easily turn graphene into a robust room-temperature ferromagnetic semiconductor and open up the possibility of making highly tunable graphene-based many important device applications, including spintronic nano-devices, magnetoresistance, magnetic memory devices, and so on.
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